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The penetration of cariogenic oral bacteria into enamel and dentin during the caries
process triggers an immune/inflammatory response in the underlying pulp tissue,
the reduction of which is considered a prerequisite to dentinogenesis-based pulp
regeneration. If the role of odontoblasts in dentin formation is well known, their
involvement in the antibacterial response of the dental pulp to cariogenic microorganisms
has yet to be elucidated. Our aim here was to determine if odontoblasts produce
nitric oxide (NO) with antibacterial activity upon activation of Toll-like receptor-2 (TLR2),
a cell membrane receptor involved in the recognition of cariogenic Gram-positive
bacteria. Human odontoblast-like cells differentiated from dental pulp explants were
stimulated with the TLR2 synthetic agonist Pam2CSK4. We found that NOS1, NOS2,
and NOS3 gene expression was increased in Pam2CSK4-stimulated odontoblast-like
cells compared to unstimulated ones. NOS2 was the most up-regulated gene. NOS1
and NOS3 proteins were not detected in Pam2CSK4-stimulated or control cultures.
NOS2 protein synthesis, NOS activity and NO extracellular release were all augmented
in stimulated samples. Pam2CSK4-stimulated cell supernatants reduced Streptococcus
mutans growth, an effect counteracted by the NOS inhibitor L-NAME. In vivo, the NOS2
gene was up-regulated in the inflamed pulp of carious teeth compared with healthy ones.
NOS2 protein was immunolocalized in odontoblasts situated beneath the caries lesion
but not in pulp cells from healthy teeth. These results suggest that odontoblasts may
participate to the antimicrobial pulp response to dentin-invading Gram-positive bacteria
through NOS2-mediated NO production. They might in this manner pave the way for
accurate dental pulp healing and regeneration.
Keywords: tooth, odontoblast, caries lesion, dental pulp regeneration, nitric oxide, toll-like receptor 2,
Streptococcus mutans
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Introduction
Odontoblasts are neural crest-derived, highly specialized
mesenchymal cells organized as a densely packed layer at the
periphery of the loose connective tissue situated in the center
of the tooth, the dental pulp. Their main functions are the
synthesis, extracellular deposition and mineralization of a
collagen-rich matrix to form the dentin tissue that surrounds the
dental pulp and underlies the surface enamel. Recent data have
indicated that odontoblasts may also have functions not related
to dentinogenesis (Bleicher et al., 2015). Indeed, because of their
specific location at the pulp-dentin interface and the entrapment
of their long cell process in dentin, they become exposed
to dentin-invading oral bacteria during the carious process
(Love and Jenkinson, 2002). Odontoblasts are the first cells
encountered by tooth-invading pathogens and they have been
suggested to initiate pulp immune and inflammatory responses
to these pathogens (Durand et al., 2006; Veerayutthwilai et al.,
2007). These responses may eliminate the insult and block the
route of infection. Unchecked, bacterial invasion results in
irreversible pulp inflammation then necrosis, and dissemination
of potentially lethal microorganisms may occur throughout
the body (Farges et al., 2009). In parallel, dentin formation
appears greatly disturbed (Bjorndal and Mjör, 2001; Durand
et al., 2006). Several lines of evidence now support the notion
that it is only when pulp infection and inflammation are under
control that dentinogenesis-based pulp regeneration will occur.
In this context, further studies are needed to elucidate the
odontoblast response to cariogenic bacteria in order to design
new antibacterial therapeutics that will reduce dental pulp
inflammation while promoting tissue healing and regeneration
(Farges et al., 2013; Cooper et al., 2014).
Studies that aimed at elucidating the triggering of dental
pulp immunity by odontoblasts have mostly focused on gram-
positive bacteria, because these largely dominate the microflora
in initial andmoderate dentin caries lesions (Love and Jenkinson,
2002; Hahn and Liewehr, 2007). In particular, odontoblast-
like cells were found to be responsive to lipoteichoic acid
(LTA), a Gram-positive bacteria component recognized at cell
surface through the pattern recognition receptor (PRR) Toll-like
receptor-2 (TLR2). Engagement of odontoblast TLR2 by LTA
up-regulates TLR2 itself and nucleotide-binding oligomerization
domain 2, a cytosolic PRR. It also stimulates the production of
the proinflammatory chemokines and cytokines CCL2, CXCL1,
CXCL2, CXCL8, CXCL10, and interleukin (IL)-6, and the
recruitment of immature dendritic cells (Durand et al., 2006;
Staquet et al., 2008, 2011; Farges et al., 2009, 2011; Keller
et al., 2010, 2011). IL-10, a cytokine that plays a central role
in limiting host immune responses to pathogens, was also up-
regulated. Similar, effects were observed when using Pam2CSK4,
a synthetic diacylated lipopeptide analog that specifically binds
TLR2. Of note, the response obtained with Pam2CSK4 was
always higher than with LTA. However, no additional cytokine
was induced by Pam2CSK4 compared to LTA, suggesting that
odontoblasts secrete a limited set of proinflammatory factors
when challenged with Gram-positive bacteria. We also observed
that the lipopolysaccharide (LPS)-binding protein (LBP) was
up-regulated by Pam2CSK4 (our unpublished results) and that
it decreased TLR2 activation and proinflammatory cytokine
production in odontoblast-like cells (Carrouel et al., 2013).
If the role of odontoblasts in the triggering and control of
dental pulp immunity begins to be elucidated, their involvement
in the direct fight against dentin-invading bacteria is far less
known. Among antibacterial agents putatively produced by
odontoblasts, nitric oxide (NO) has recently received particular
attention. NO is a highly diffusible, gaseous free radical generated
by nitric oxide synthases (NOS) through the conversion of
L-arginine to L-citrulline. Three NOS isoforms have been
identified so far: two are constitutively expressed at low levels,
NOS1 (neuronal NOS) and NOS3 (endothelial NOS), whereas
one is produced upon cell stimulation by microorganisms or
proinflammatory cytokines, NOS2 (inducible NOS). NOS1 and
NOS3 participate to normal tissue functions by constitutively
synthesizing very small amounts (picomolar to nanomolar
levels) of short acting NO (seconds to minutes). NOS2 is the
enzyme responsible for high NO production in infection settings
(Arthur and Ley, 2013). It is predominantly regulated at the
transcriptional level and is involved in antibacterial defense
by producing large amounts of NO, up to micromolar levels,
for sustained periods of time (hours to days) (Nathan, 1992;
Nussler and Billiar, 1993; MacMicking et al., 1997; Bogdan, 2001;
Coleman, 2001; Guzik et al., 2003). Previous studies indicated
that the NOS2 gene was not or weakly expressed in healthy
dental pulps, but was sharply up-regulated in inflamed ones
(Law et al., 1999; Di Nardo Di Maio et al., 2004; Kawashima
et al., 2005; Korkmaz et al., 2011). Human odontoblasts showed
a marked immunoreactivity for 3-nitrotyrosine (a biomarker
for NO-derived peroxinitrite) in inflamed pulp, suggesting that
these cells release NO upon NOS2 activation. NO production
by odontoblasts might be an important defense mechanism
against dentin-invading oral microorganisms because it inhibits
Streptococcus mutans growth (Silva-Mendez et al., 1999). Despite
these important findings, no direct evidence was brought so
far that odontoblasts produce NO amounts bactericidal for
caries-related, gram-positive microorganisms. Therefore, the
aim of our study was to investigate, in a culture model
of human odontoblasts differentiated in vitro, if these cells
are able to produce NO with antibacterial activity upon
TLR2 engagement. We first studied the effects of Pam2CSK4
stimulation on odontoblast NOS1, NOS2, and NOS3 gene
expression. We also examined NOS1, NOS2, and NOS3 protein
synthesis, NOS intracellular activity and NO secretion upon
Pam2CSK4 stimulation. We then assessed the antibacterial
effect of odontoblast-derived NO by analyzing the growth of
Streptococcus mutans bacteria in the presence of TLR2-activated
or control odontoblast-like cell culture supernatants. Finally,
expression of NOS2 transcript and protein was investigated
in vivo in healthy and bacteria-challenged inflamed dental pulps.
Materials and Methods
Reagents
The synthetic diacylated lipopeptide analog Pam2CSK4
was from InvivoGen (San Diego, CA, USA). The mouse
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anti-NOS2 monoclonal antibody (clone 2D2-B2) was from R&D
Systems Europe (Lille, France). Rabbit anti-NOS1 monoclonal
(EP1855Y) and anti-NOS3 polyclonal antibodies were from
Abcam (Cambridge, UK). The mouse anti-GAPDH monoclonal
antibody (clone 8C2) was from Santa Cruz Biotechnology
(Santa Cruz, CA USA). The mouse immunoglobulin G1 isotype
control antibody (clone MOPC-21) and the arginine analog NOS
inhibitor NG-nitro-L-arginine methyl ester (L-NAME) were
from Sigma-Aldrich (St Louis, MO, USA).
Dental Pulp Samples
Healthy and decayed human teeth were collected with informed
consent of the patients or their parents, in accordance with
the World Medical Association’s Declaration of Helsinki and
following a protocol approved by the local ethics committee.
Healthy pulps were taken from impacted third molars. Inflamed
pulps were taken from decayed erupted molars with clinical
features of acute pulpitis (deep dentin caries lesions, severe
spontaneous dental pain for 12–24 h, no sensitivity to vertical
or horizontal percussion, lack of periapical lesions) and in the
absence of anti-inflammatory treatment.
Cell Culture and Treatments
Odontoblast-like cells were differentiated from dental pulp
explants obtained from clinically healthy, impacted human third
molars as previously described (Couble et al., 2000), then used for
stimulation experiments. For detection of NOS gene expression,
NOS protein production, NOS activity and NO extracellular
levels, cells were cultured for the indicated times in the absence
(controls) or in the presence of 10µg/mL Pam2CSK4. To
determine the antibacterial effect of odontoblast-like cell-derived
NO on Streptococcus mutans bacteria, cells were treated with
10µg/mL Pam2CSK4 for 24 h, and then culture media were
collected and frozen until further use (see below). Some cultures
were pretreated for 1 h with 0.5 or 1mmol/L L-NAME prior to
addition of Pam2CSK4 to confirm NO involvement in the effect
observed.
Reverse Transcription-Polymerase Chain
Reaction
RNA extraction and reverse transcription were performed from
Pam2CSK4-stimulated and control odontoblast-like cells and
from healthy and inflamed dental pulp samples as described
(Keller et al., 2010; Farges et al., 2011). Real-time polymerase
chain reaction (PCR) was performed in a CFX96 Real-Time PCR
Detection System with the Fast Start Master SYBR Green I kit
(Bio-Rad Laboratories, Hercules, CA, USA) according to the
manufacturer’s specifications. The cyclophilin A housekeeping
gene (PPIA) was used for sample normalization. Gene-specific
primer sequences for NOS1, NOS2, NOS3, and PPIA are listed
in Table 1. Annealing temperature was 65◦C for all primer pairs.
All runs were performed in duplicate. For each target gene,
relative expression was determined after normalization using the
Bio-Rad CFX Manager software. Results were expressed as fold
change values relative to control odontoblast-like cell cultures
for in vitro analyses and to healthy pulp samples for in vivo
analyses.
Protein Extraction and Western Blotting
Cells were washed twice with PBS and overlaid with ice-cold
RIPA buffer (Sigma-Aldrich) supplemented with a protease
inhibitor cocktail (P8340, dilution 1:100; Sigma-Aldrich). After
5min on ice, cells were scraped and insoluble material was
removed by centrifugation at 12,000 g for 10min at 4◦C.
Total proteins were quantified by a Bradford assay (Coomassie
Protein Assay Reagent; Pierce, Thermo Fischer Scientific Inc.,
Rockford, IL, USA). Proteins were concentrated by precipitation
for NOS isoform detection. After addition of 4 volumes of
cold acetone and incubation for at least 1 h at −20◦C, pellets
were collected by centrifugation at 12,000 g for 10min at 4◦C,
air-dried and dissolved in reducing Laemmli sample buffer.
Identical amounts of proteins were loaded for Pam2CSK4-
stimulated and control samples. Positive controls for NOS1
(neuronal NOS) and NOS3 (endothelial NOS) were extracts
from mouse whole brain and human umbilical vein endothelial
cells (HUVEC), respectively. HUVEC were kindly provided by
Dr Laurent Müller (CIRB CNRS UMR7241 - INSERM U1050,
Collège de France, Paris). Proteins were resolved by 8.5%
sodium dodecyl sulfate polyacrylamide gel electrophoresis and
transferred to PVDF membranes (Millipore, Molsheim, France).
Membranes were probed with anti-NOS1 (diluted 1:1000), anti-
NOS2 (1:400), anti-NOS3 (1:1000) or anti-GAPDH (1:2000)
and incubated with HRP- or alkaline phosphatase-conjugated
anti-rabbit or anti-mouse IgGs (1:1000; Cell Signaling). Bound
antibodies were detected on x-ray films by using Immunstar
PA, Immunstar HRP or WesternC chemiluminescent substrates
(Bio-Rad Laboratories).
Detection of NOS Activity and Extracellular NO
Production
NOS activity and NO production by Pam2CSK4-stimulated and
control odontoblast-like cells were quantified in cell lysates and
culturemedia by using anUltrasensitive Colorimetric NOSAssay
kit and a Nitric Oxide Colorimetric Assay kit (Oxford Biomedical
TABLE 1 | Primers used for PCR analysis.
Gene Forward primer Reverse primer Amplicon size (bp)
NOS1 CTGATACCAAAAGCCTCTCT ATCTGAGCCTAACAATCTGG 76
NOS2 ACAGGCTCGTGCAGGACTCA CACGGCTGGATGTCGGACTT 126
NOS3 CATGAGCACTGAGATCGGCA CCAGGATGTTGTAGCGGTGA 59
PPIA GGATTGCTTGAGCCTAGAGTGA CCTCTGCCTACCTTTGAGACAC 87
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Research, Oxford, MI, USA), respectively, according to the
manufacturer’s specifications. Cells were lysed in Beadlyte R© Cell
Signaling Universal Lysis Buffer (Millipore). NO is highly labile,
with a half-life in the order of seconds, and these kits are based
on the colorimetric quantitation of nitrite (NO−2 ), the stable end
product of NO oxidation, using Griess reagent. They include
the conversion of nitrate to nitrite by NADH-dependent enzyme
nitrate reductase before nitrite measurement, in order to provide
for accurate determination of total NO production. Absorbance
values were read at 540 nm using a microplate reader. NO/nitrite
sample concentrations were determined from a sodium nitrite
standard curve. Intracellular NO/nitrite concentration was
expressed as µmoles/µg of proteins (determined using a
Bradford protein assay).
Streptococcus mutans Growth Assessment
The Streptococcus mutans strain (CIP 103220) was purchased
from Institut Pasteur (Paris, France). Bacteria were cultured
in Brain Heart Infusion broth (Biomérieux, Marcy-L’Etoile,
France) at 37◦C for 24 h. After centrifugation at 2500 rpm for
5min, the supernatant was discarded and the bacterial pellet
resuspended in water for determination of the bacteria number
with McFarland Standard (Biomérieux). Samples containing 108
bacteria were then taken and centrifuged at 15,000 rpm for
5min. Bacterial pellets were resuspended in 100µL odontoblast-
like cell culture supernatants, then maintained at 37◦C for 15,
30, 60, or 90min, the later time being just before the end of
the bacteria growth phase as determined by our preliminary
experiments (not shown). Bacteria-containing samples were then
plated onto Columbia agar supplemented with 5% defibrinated
horse blood. Bacterial cultures were performed in anaerobic
conditions (GENbox anaer, Biomérieux) for 5 days at 37◦C, then
S. mutans colonies were counted.
Immunohistochemistry
Healthy teeth and carious ones with inflamed pulps were fixed
in 4% paraformaldehyde-phosphate-buffered saline solution for
7 days, demineralized in 10% acetic acid for 4 months, and
routinely treated for paraffin embedding. Eight-micrometer
serial sections were then cut, deparaffinized, and rehydrated.
Endogenous peroxidase was blocked by incubation in 0.3%
hydrogen peroxide for 15min at room temperature. Sections
were incubated for antigen retrieval in 10mmol/L citrate buffer
(pH 6.0, 98◦C) for 10min and then blocked with normal
horse serum for 45min at room temperature. Sections were
then incubated with 12.5µg/mL anti-NOS2 antibody overnight
at 4◦C. Staining controls were performed by using a mouse
immunoglobulin G1 isotype. Antibody detection was performed
by using a Vectastain Elite ABC kit (Vector Laboratories,
Burlingame, CA, USA) according to the manufacturer’s protocol,
peroxidase being localized with diaminobenzidine.
Statistical Analysis
Results were expressed as mean values ± standard deviation
obtained from different odontoblast-like cell cultures or tooth
pulps originating from human third molars obtained from
different donors. Statistical analysis was performed with a paired
t-test. A p < 0.05 was considered significant.
Results
Pam2CSK4 Increases NOS1, NOS2, and NOS3
Gene Expression and NOS2 Protein Synthesis in
Odontoblast-Like Cells
We previously found that the synthetic lipoprotein analog
Pam2CSK4 at a 10µg/mL concentration was particularly efficient
to activate TLR2 in odontoblast-like cells and induced the
production of proinflammatory cytokines and chemokines
(Keller et al., 2010, 2011; Farges et al., 2011; Staquet et al.,
2011). Therefore we used, in the present study, the same
concentration to assess Pam2CSK4 effect on the expression of
NOS1, NOS2, and NOS3 genes by these cells. We observed
that Pam2CSK4 significantly up-regulated the three genes tested
(Figure 1A). The gene coding for the inducible NOS, NOS2,
was the most up-regulated one, the increase being maximal
after 8 h of cell stimulation. At the protein level, NOS2 was
strongly increased after 8 h of Pam2CSK4 stimulation compared
to control unstimulated cells (Figure 1B). NOS1 and NOS3
were not detected in control or Pam2CSK4-stimulated samples
stimulated for 8 or 16 h (not shown).
Pam2CSK4 Increases NO Production by
Odontoblast-like cells
To determine whether NOS2 up-regulation upon Pam2CSK4
stimulation was accompanied by an increase in NOS activity
and NO production, intracellular and extracellular NO
concentrations were assessed by the measure of the NO
degradation end-product nitrite. We observed a strong
intracellular nitrite increase that was maximal after 8 h
(Figure 2A). To assess NO diffusion to the extracellular
compartment, wemeasured nitrite concentration in supernatants
of Pam2CSK4-stimulated odontoblast-like cells. We found a
progressive accumulation of nitrite in the culture medium
reaching a concentration of approximately 40µmol/L after 24 h,
the longest stimulation time tested (Figure 2B). In unstimulated
samples, the nitrite concentration remained low and constant
with time, of approximately 10µmol/L.
Odontoblast-Like Cell-Derived NO Reduces
Streptococcus mutans Growth
Next, to evaluate the NO effect on the growth of cariogenic
microorganisms, odontoblast-like cells were stimulated or not
with 10µg/mL Pam2CSK4 for 24 h with or without pretreatment
with the NOS inhibitor L-NAME. Culture supernatants
were collected and placed into contact with Streptococcus
mutans bacteria for 15, 30, 60, or 90min. In unstimulated
samples, pretreatment with L-NAME increased the number of
Streptococcus mutans colony-forming units, suggesting that NO
from unstimulated odontoblast-like cells limits Streptococcus
mutans growth (Figure 3). We observed that the number of
Streptococcus mutans colony-forming units was clearly reduced
in odontoblast-like cells stimulated with Pam2CSK4 compared
to unstimulated ones, indicating a stronger antibacterial effect of
culture supernatants from TLR2-activated cells. The decrease in
NO production owing to increasing concentrations of L-NAME
in Pam2CSK4-stimulated samples led to an augmentation of
Frontiers in Physiology | www.frontiersin.org 4 June 2015 | Volume 6 | Article 185
Farges et al. Odontoblast-derived nitric oxide is antibacterial
FIGURE 1 | Pam2CSK4 increases NOS1, NOS2, and NOS3 gene
expression and NOS2 protein synthesis in odontoblast-like cells. (A)
Analysis of NOS1, NOS2, and NOS3 gene expression after cell challenge with
10µg/mL Pam2CSK4 for the indicated times. The three genes were
significantly up-regulated upon Pam2CSK4 stimulation, NOS2 being the most
up-regulated one (n = 4). *p < 0.05. (B) At the protein level, NOS2 synthesis
was clearly increased after 8 h of odontoblast-like cell stimulation with
10µg/mL Pam2CSK4. The gel shown is representative of three independent
experiments.
FIGURE 2 | Pam2CSK4 increases NOS activity and extracellular NO
production by odontoblast-like cells. (A) Analysis of intracellular NO by the
measurement of nitrite concentration in cells stimulated with 10µg/mL
Pam2CSK4 for the indicated times. Production of intracellular nitrite was
strongly increased in PAM2CSK4-stimulated samples, being maximal after 8 h
(n = 5). (B) Determination of NO concentration in culture supernatants of
odontoblast-like cells stimulated with 10µg/mL Pam2CSK4. Nitrite
progressively accumulated in the culture medium, reaching a concentration of
approximately 40µmol/L after 24 h of stimulation (n = 5). *p < 0.05.
the number of Streptococcus mutans colony-forming units,
thus indicating that NO production by odontoblast-like cells
was indeed responsible for the observed slowdown of bacterial
growth.
NOS2 Transcript and Protein are Up-Regulated in
Inflamed Pulps from Decayed Teeth
To assess the in vivo relevance of these findings and determine
whether NOS2 is expressed in odontoblasts, NOS2 transcript
and protein were examined in healthy dental pulps and inflamed
samples from carious teeth. We found that the NOS2 gene
was strongly up-regulated in inflamed pulps compared to
healthy ones (Figure 4A). NOS2 protein was clearly detected by
immunostaining in odontoblasts and subodontoblast cells in the
inflamed area, but not in cells in the non-inflamed area far from
the lesion (not shown) or in healthy pulps (Figure 4B). Staining
controls performed by using the mouse immunoglobulin G1
isotype were negative.
Discussion
Odontoblasts situated at the dental pulp periphery could
play a role in the initiation of the tissue defense against
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FIGURE 3 | NO released from unstimulated or Pam2CSK4-stimulated
odontoblast-like cells alters Streptococcus mutans viability. Analysis of
Streptococcus mutans growth after contact of bacteria for 15, 30, 60, or
90min with culture supernatants of cells challenged with 10µg/mL
Pam2CSK4 for 24 h in the presence or in the absence of L-NAME. The
number of Streptococcus mutans colony-forming units was reduced when
odontoblast-like cells were stimulated with Pam2CSK4 compared to
unstimulated ones. Pretreatment with the NOS inhibitor L-NAME increased the
number of Streptococcus mutans colony-forming units in both unstimulated
and Pam2CSK4-stimulated samples (n = 6). #p < 0.05 vs. control
unstimulated cells. *p < 0.05 vs. cultures without L-NAME.
dentin-invading Gram-positive oral bacteria through their
ability to recognize pathogens and to produce proinflammatory
cytokines and chemokines (Farges et al., 2013). In this
context, chemokine secretion from odontoblasts may induce
accumulation of immune cells at the pulp-dentin interface,
including antigen-presenting immature dendritic cells, to
uptake bacterial by-products diffusing through dentin tubules
and evolve pathogen-specific innate and adaptive responses
(Durand et al., 2006). However, whether odontoblasts are able
to directly destroy intradentinal or peripheral pulp-reaching
microorganisms by producing antibacterial agents, without the
intervention of immune cells, it is largely unknown. Nitric oxide
is a highly diffusible, antimicrobial free radical generated and
released by many cell types in inflammatory conditions to kill
or inhibit the replication of a variety of microorganisms. NO
antimicrobial activity is primarily due to NO reactivity with
superoxide anion to form highly cytotoxic peroxynitrite, S-
nitrosylation of thiol residues that changes protein conformation,
inactivation of enzymes by disruption of iron centers, DNA
damage, andmembrane lipid peroxidation (Guzik et al., 2003). In
this report we provide evidence that odontoblasts differentiated
in vitro from human dental pulp explants are able to synthesize
large amounts of NOS2 and produce NO with antibacterial
activity upon TLR2 activation. We first observed that NOS1,
NOS2, and NOS3 gene expression was significantly increased in
Pam2CSK4-stimulated cells compared to controls, NOS2 being
the most up-regulated gene. In agreement with this finding,
NOS2 protein was clearly up-regulated in Pam2CSK4-stimulated
cells, suggesting its involvement in NO production by these cells.
Conversely, NOS1 and NOS3 isoforms, although clearly found in
brain and endothelial cell extracts, respectively, were not detected
in our Western blot analysis in stimulated or control samples.
Accordingly, we speculate that most, if not all, of NO production
by Pam2CSK4-stimulated odontoblast-like cells is due to the
induction of NOS2, as shown in macrophages stimulated in vitro
with lipopolysaccharide, another pattern recognition receptor
ligand (Denlinger et al., 1996; MacMicking et al., 1997; Guzik
et al., 2003).
We found that NO was produced to levels (several tenths
of micromoles/liter) similar to those observed in macrophages
in vitro stimulated with LPS or Staphylococcus aureus LTA, or
with an association of Streptococcus mutans LTA and IFN-γ
(Denlinger et al., 1996; Matsuno et al., 1998; Hong et al., 2014).
This indicates that the responsivity of odontoblasts upon TLR2
activation, in terms of NO production, is comparable to that of
specialized immune cells. To our knowledge, NO concentrations
have not been reported in inflamed pulps. However, those
we measured in Pam2CSK4-stimulated odontoblast-like cell
supernatants were in the range of the concentrations found in
periapical exudates from infected human root canals (Shimauchi
et al., 2001). This indicated that NOS2-dependent NO amounts
produced by TLR2-activated odontoblast-like cells is biologically
relevant. We observed here that the number of Streptococcus
mutans colony-forming units was significantly reduced by NO
in stimulated odontoblast-like cells compared to control ones,
suggesting the role of NO produced by odontoblasts in the fight
against cariogenic bacteria.
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FIGURE 4 | NOS2 transcript and protein are up-regulated in
inflamed pulps from decayed teeth compared to healthy ones. (A)
Analysis of NOS2 gene expression in healthy and inflamed pulps with
real-time RT-PCR (n = 3). *p < 0.05. (B) Immunohistochemical localization
of NOS2 protein in healthy and bacteria-challenged inflamed pulps. No
NOS2 staining was found in healthy sample, but odontoblasts and
subodontoblast cells were stained in inflamed pulp beneath the caries
lesion. D, dentin; Od, odontoblast layer; P, pulp. Data shown are
representative of results obtained from independent experiments
performed with two healthy and two carious teeth.
We then detected immunohistochemically the NOS2 protein
in odontoblasts of inflamed pulps situated beneath dentin caries
lesions, whereas it was not present in odontoblasts from healthy
ones. This result is in accordance with the fact that NOS2 is
not expressed in resting cells, but is only synthesized upon cell
activation (Coleman, 2001). Odontoblasts from healthy teeth
were also found to be negative for NOS2 (Kawanishi et al.,
2004; Kawashima et al., 2005; Mei et al., 2007). NOS2 synthesis
was increased in inflamed pulps beneath caries lesions or when
inflammation was experimentally induced with bacterial by-
products (Kawanishi et al., 2004; Kawashima et al., 2005; Mei
et al., 2007; Korkmaz et al., 2011), underscoring the importance
of this enzyme in NO production in pulp inflammatory
conditions.We observed NOS2 immunoreactivity in odontoblast
and subodontoblast cells of the peripheral inflamed pulp, as
previously reported in human teeth (Korkmaz et al., 2011). This
indicates that odontoblasts are not the only cells involved in the
fight again dentin-invading microorganisms. Other cells might
also include leukocytes, as previously shown (Guzik et al., 2003).
We do not exclude that NOS1 and NOS3 could contribute to
the high NO production in the odontoblast layer of bacteria-
challenged inflamed pulps. However, several data suggests that
such a contribution, if any, would be limited since NOS1 and
NOS3 are only able to produce very low concentrations of NO
(nanomolar range) compared to NOS2 (micromolar) (Coleman,
2001). The results presented here support the view that NOS2
is a key player in the production of physiologically relevant NO
amounts by odontoblasts in bacteria-challenged inflamed pulps.
NO could have deleterious effects on odontoblasts themselves.
However, these effects might be limited since soluble guanylate
cyclase, the receptor that mediates NO effects inside the cell, is
decreased in odontoblasts in inflamed human pulps compared
to healthy ones (Korkmaz et al., 2011). This indicates that
the NO present in the odontoblast layer would rather act on
neighboring cells and/or, as suggested by the present study,
on dentin-invading bacteria. In this context, NO production
by odontoblasts might modulate neurotransmission from deep
dentin up to nerve endings present in the proximal dentin or
the pulp periphery and/or might contribute to the regulation of
the vascular tone of adjacent vessels. The large amount of NO
synthesized by odontoblast NOS2 under pathological conditions
might thus have an analgesic effect but might also dilate local
blood vessels (McCormack and Davies, 1996; Di Nardo Di Maio
et al., 2004).
NO has been recently proposed for a clinical use in the
treatment of periodontal diseases, because of its drastic reduction
of the viability of periodontopathogens (Backlund et al., 2014).
Our results also demonstrated an antibacterial effect for NOS2-
dependent production of NO by odontoblast-like cells. In the
caries context, evidence of NO effects in animal models with
cariogenic bacteria is warranted before envisaging the clinical
use of NO to prevent dentin and pulp tissue colonization and
subsequent irreversible pulpitis and necrosis.
Finally, studies have shown that NO can induce the
differentiation of several cell types including osteoblastic,
neuronal and endothelial cells (Beltran-Povea et al., 2015).
It may also play a part in odontoblast differentiation and
the subsequent formation of reparative dentin, notably by
augmenting osteocalcin synthesis and alkaline phosphatase
activity (Mei et al., 2007; Yasuhara et al., 2007). So NO donors
could be use in regenerative dentistry as adjuvants to promote
the mineralization events that lead to dentin or bone tissue
formation. Additional studies using our culture model and others
are required to test this hypothesis.
In summary, we report for the first time that NO with
antibacterial activity is produced by TLR2-activated human
odontoblast-like cells. Further studies are needed to determine
the potential beneficial effect of this molecule on the reduction
of human dental pulp inflammation and the promotion of tissue
healing and regeneration.
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